2,3,7,8-tetrachlorodibenzo-r-dioxin (TCDD) induces hepatic dyslipidemia mediated by the aryl hydrocarbon receptor (AhR). Stearoyl-CoA desaturase 1 (Scd1) performs the rate-limiting step in monounsaturated fatty acid (MUFA) synthesis, desaturating 16:0 and 18:0 into 16:1n7 and 18:1n9, respectively. To further examine the role of Scd1 in TCDD-induced hepatotoxicity, comparative studies were performed in Scd1 1/1 and Scd1 2/2 mice treated with 30 mg/kg TCDD. TCDD induced Scd1 activity, protein, and messenger RNA (mRNA) levels approximately twofold. In Scd1 1/1 mice, hepatic effects were marked by increased vacuolization and inflammation and a 3.5-fold increase in serum alanine aminotransferase (ALT) levels. Hepatic triglycerides (TRGs) were induced 3.9-fold and lipid profiling by gas chromatography-mass spectroscopy measured a 1.9-fold increase in fatty acid (FA) levels, consistent with the induction of lipid transport genes. Induction of Scd1 altered FA composition by decreasing saturated fatty acid (SFA) molar ratios 8% and increasing MUFA molar ratios 9%. Furthermore, ChIP-chip analysis revealed AhR enrichment (up to 5.7-fold), and computational analysis identified 16 putative functional dioxin response elements (DREs) within Scd1 genomic loci. Band shift assays confirmed AhR binding with select DREs. In Scd1 2/2 mice, TCDD induced minimal hepatic vacuolization and inflammation, while serum ALT levels remained unchanged. Although Scd1 deficiency attenuated TCDDinduced TRG accumulation, overall FA levels remained unchanged compared with Scd1 1/1 mice. In Scd1 2/2 mice, TCDD induced SFA ratios 8%, reduced MUFA ratios 13%, and induced polyunsaturated fatty acid ratios 5% relative to treated Scd1 1/1 mice. Collectively, these results suggest that AhR regulation of Scd1 not only alters lipid composition but also contributes to the hepatotoxicity of TCDD.
2,3,7,8-Tetrachlorodibenzo-q-dioxin (TCDD) and related compounds elicit a broad spectrum of biological responses ranging from effects on development to pathologies affecting specific organ functions as well as the immune and nervous system. These effects are mediated by the aryl hydrocarbon receptor (AhR), a cytosolic ligand-activated basic helixloop-helix Per/aryl hydrocarbon receptor nuclear translocator (ARNT)/Sim family transcription factor (Croutch et al., 2005; Poland and Knutson, 1982) . The proposed mechanism involves ligand binding to the cytosolic AhR, leading to dissociation of chaperone proteins and translocation of the AhR to the nucleus (Pollenz et al., 1994) . The activated AhR then heterodimerizes with the ARNT (Hankinson, 1995) to bind dioxin response elements (DREs) located within regulatory regions of target genes recruiting chromatin remodeling complexes and transcriptional coregulators that modulate gene transcription (Beischlag et al., 2002) .
Although the range of endogenous functions regulated by the AhR remains uncertain, studies in null mice show it is necessary for proper liver development and mediates the toxicity of TCDD (Bunger et al., 2003; Fernandez-Salguero et al., 1996; Schmidt et al., 1996) . TCDD elicits hepatomegaly (Poland and Knutson, 1982) and liver pathologies that include hepatocellular neoplasms (Huff et al., 1991) , inflammation, necrosis, steatosis, and the differential expression of lipid metabolism and transport genes in mice (Boverhof et al., 2006; Kopec et al., 2008 Kopec et al., , 2010a Kopec et al., , 2010b . DNA binding by AhR is compulsory for TCDD-induced hepatic steatosis (Bunger et al., 2008) .
Stearoyl-CoA desaturase 1 (Scd1) catalyzes the rate-limiting step in monounsaturated fatty acid (MUFA) biosynthesis and is a target for the treatment of metabolic related disorders (Issandou et al., 2009; Jiang et al., 2005) . Scd1 desaturates palmitate (16:0) and stearate (18:0) into palmitoleate (16:1n7) and oleate (18:1n9), respectively, which can be metabolized further to other MUFAs and polyunsaturated fatty acids (PUFAs), the primary constituents of membrane lipids, triglycerides (TRGs), phospholipids, and cholesterol esters (Miyazaki et al., 2000; Ntambi and Miyazaki, 2004) . Dietary, hormonal, and environmental factors regulate Scd1 messenger RNA (mRNA) expression and protein stability, emphasizing the importance of Scd1 in lipid metabolism (Flowers and Ntambi, 2008; Ntambi and Miyazaki, 2004) . Furthermore, Scd1 À/À mice are resistant to diet-induced steatosis and exhibit impaired triglyceride synthesis (Miyazaki et al., 2000 Li et al., 2009) . In humans, the Scd1 activity index (serum ratios of 16:1/ 16:0 or 18:1/18:0) correlates with hypertriglyceridemia and insulin resistance (Stefan et al., 2008; Warensjo et al., 2009) and is predictive of metabolic syndrome phenotypes (Warensjo et al., 2006) . Furthermore, single nucleotide polymorphisms have been identified in human Scd1 that are associated with obesity and insulin sensitivity (Warensjo et al., 2007) .
In this study, we examined AhR regulation of Scd1-and TCDD-elicited steatosis in Scd1 þ/þ and Scd1 À/À mice. Hepatic fatty acid (FA) profiling with complementary histopathology, enzyme activity assays, and gene expression were assessed in immature Scd1 þ/þ and Scd1 À/À female mice and integrated with AhR ChIP-chip, band shift, and computational data. Our results suggest that the regulation of hepatic lipid transport and metabolism genes by the AhR, including Scd1, is involved in TCDD-induced steatosis in the mouse.
MATERIALS AND METHODS
Animal breeding and genotyping. B6.129-Scd1 tm1Myz /J heterozygous mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and bred at the Michigan State University Laboratory Animal Care facility. Mice were maintained on a 12-h light/dark cycle and housed in autoclaved polycarbonate cages with microisolator lids containing aspen woodchips and nesting material. Animals were allowed free access to Harlan Teklad irradiated F6 rodent diet 7964 (Madison, WI) and autoclaved deionized water throughout the study. On postnatal day (PND), 21 mice were genotyped by ear punch and weaned. All procedures were carried out with the approval of the Michigan State University Institutional Animal Care and Use Committee.
In vivo treatment. On PND, 28 mice were gavaged with 0.1 ml of sesame oil for a nominal dose of 0 (vehicle control) or 30 lg TCDD/kg body weight. The immature mouse was used to facilitate comparisons with other data sets as well as avoid potential interactions with estrogens produced by developed ovaries. Doses were chosen to elicit moderate hepatic effects while avoiding overt toxicity in long-term studies. Litters were combined with no more than five animals per cage. Animals were sacrificed at 24, 72, and 168 h postdose. Mice were weighed and blood was collected via submandibular vein puncture before sacrifice. Tissue samples were removed, weighed, flash frozen in liquid nitrogen, and stored at À80°C. The right lobe of the liver was fixed in 10% neutral buffer formalin for histological analysis.
Histopathology and clinical chemistry. Fixed liver tissues were processed as previously described (Kopec et al., 2010b) at the Michigan State University Investigative Histopathology Laboratory, Division of Human Pathology, using a modified version of previously published procedures (Sheehan and Hrapchak, 1980) . Serum alanine aminotransferase (ALT) levels were measured by the Michigan State University Diagnostic Center for Population and Animal Health Clinical Laboratory.
Hepatic triglyceride levels. Frozen liver samples (~100 mg) were homogenized (Polytron PT2100; Kinematica) in 1 ml of 1.15% KCl. TRGs were extracted from 200 ll of hepatic homogenate with 800 ll of isopropyl alcohol by vortex mixing for 10 min. The samples were centrifuged for 5 min at 800xg at room temperature and the supernatant was collected into separate vials. The concentration of hepatic TRGs was determined by spectrophotometry from 20 ll supernatant with a commercial L-Type Triglyceride M kit (Wako Diagnostics, Richmond, VA) with Multi-Calibrator Lipids as a standard (Wako Diagnostics) according to manufacturer's protocol. Final results were normalized to the initial weight of the liver sample.
Gas chromatography-mass spectroscopy FA methyl ester hepatic lipid profiling. Liver samples (~100 mg, n ¼ 5/group) were homogenized in 40% methanol and acidified with concentrated HCl (~34 ll). Lipids were extracted with chloroform:methanol (2:1) containing 1mM 2,6-di-tert-butyl-4-methylphenol. The organic phase was removed and protein and aqueous phases were reextracted with chloroform. The organic phases were pooled and solvents evaporated under nitrogen. The samples were resuspended in 3N nonaqueous methanolic HCl and held at 60°C overnight. The next day, samples were cooled to room temperature and 0.9% (wt/vol) NaCl and hexane was added. The organic phase was separated by centrifugation, collected, dried under nitrogen, and resuspended in hexane. Samples were separated and analyzed with an Agilent 6890N gas chromatography (GC) with a DB23 column (30-m length, 0.25 mm id, 0.25-lm film thickness) interfaced to an Agilent 5973 mass spectroscopy (MS). 19:1n9 free fatty acid (FFA) and 19:0 TRG were added as extraction efficiency controls, and 17:1n1 FA methyl ester was spiked in as a loading control (Nu-chek, Elysian, MN). GC/MS data files were converted to Waters MassLynx file format, were analyzed with MassLynx software, and are reported as lmol/g liver tissue or mol%. FA levels are based upon peak areas from total ion chromatograms, and lmol/g is obtained from a linear calculation of a calibration curve normalized to sample weight. Principal component analysis (PCA) of FA abundance was performed in R V2.6.0.
Scd1 activity assay. Scd1 activity assays were performed as previously described (Attie et al., 2007) . Microsomal fractions were isolated by differential centrifugation, and protein was quantified by using the Bradford assay (Bio-Rad). Assays were performed at 37°C for 30 min with 100 lg microsomal protein, 0.03 lCi 14 C-stearoyl-CoA (ARC 0756, 50-60 mCi/mmol, American Radiolabeled Chemicals, St Louis, MO) 2mM NADH, and 0.03mM cold stearoyl-CoA in 0.1M phosphate buffer at pH 6.8. The reaction was quenched with 2.5M KOH and saponified at 80°C for 45 min. FAs were acidified with formic acid, extracted with hexane, and dried under nitrogen. FAs were resuspended in 50 ll hexane and separated by 100 g/l AgNO 3 -impregnated TLC using CHCl 3 :MeOH:acetic acid:water (90:8:1:0.8 vol/vol) as a developing solvent. TLC plates were dried and exposed to autoradiography film, bands scraped into scintillation fluid, and measured by liquid scintillation counting. Scd1 activity is expressed as nmol/(mg protein 3 min).
Western blotting. Microsomal fractions isolated for activity assays (10 lg each) were separated by 12% SDS-poly acrylamide gel electrophoresis (PAGE) and transferred to a polyvinylidene difluoride membrane (Millipore Billerica, MA). Scd1 protein was immunoblotted with an Scd1 antibody (SC-14719; Santa Cruz Biotechnology, Santa Cruz, CA). Conventional western blot loading controls, such as Gapdh and Actb are cytosolic proteins, and therefore removed during microsome purification. Epoxide hydrolase (Epxh1, ab76226; Abcam, MA) is a microsomal protein and was used as a reference for loading control. Immunoreactive bands were visualized by chemiluminescence with the Pierce ECL Western blotting substrate (Thermo Scientific Rockford, IL) . Immunoreactive bands were quantified by densitometry (ImageJ) and normalized to the loading control.
AhR ChIP-chip and DRE motif comparisons. The genomic locations of AhR enrichment were previously determined by ChIP-chip from hepatic tissue of immature female ovariectomized C57BL/6 mice orally gavaged with 30 lg/kg TCDD (Dere et al., 2011b) . The genomic locations of the 300 ANGRISH ET AL. 5#-GCGTG-3# DRE core sequences were previously determined in mouse (Dere et al., 2011a) . The DRE core along with the flanking upstream and downstream 7 bp were compared with a position weight matrix and matrix similarity scores (MSS) were calculated (Dere et al., 2011a) . Regions of AhR enrichment were compared against DRE core sequences across Scd1, Scd2, Scd3, and Scd4 loci. Associated mouse genomic annotation (mm9) was downloaded from the University of California-Santa Cruz Genome Browser (Rhead et al., 2010) .
Band shift assays. Putative DREs with an MSS > 0.8 located from À10 kb upstream from the Scd1 transcriptional start site (TSS) were targeted for band shift assays that were performed as previously described (Maines and Wiley online library, 2002) . Equimolar complimentary DNA (cDNA) oligonucleotides (Supplementary table 1) were combined and annealed by heating at 95°C for 5 min and cooling to room temperature. The double-stranded DNA oligonucleotide was labeled with T4 polynucleotide kinase (M0201S; New England Biolabs) and [y-32P]ATP (0135001; MP Biomedicals, Solon, OH). Each reaction contained 3 lg hepatic guinea pig cytosol extract (gift from Dr Michael Denison, Department of Environmental Toxicology, University of California, Davis) 3 mixed with either 20nM TCDD or an equivalent volume of dimethyl sulfoxide and was incubated for 1 h at room temperature. Guinea pig AhR is readily transformed in vitro and binds DREs with high affinity (Bank et al., 1992) . The activated cytosols were combined with HEDG buffer (25mM Hepes, pH 7.7/1mM EDTA/1mM dithiothreitol/10% glycerol) and 1.7 lg polyd(I-C) (Invitrogen) and incubated at room temperature for an additional 15 min.
32
P-labeled double-stranded DNA oligonucleotide (10,000 cpm, 0.1-0.3 ng in HEDG buffer) was added to the preincubation mixture and incubated for an additional 15 min. For supershift assays, either 1 lg AhR (ab2769; Abcam) or ARNT (SC-5580; Santa Cruz Biotechnology) antibody was added to the preincubation mixture. Samples were resolved by nondenaturing PAGE and imaged by autoradiography. In competition experiments, unlabeled competitor DNA was added to the preincubation mixture at 100-fold molar excess.
RNA isolation. RNA was isolated from frozen liver samples with 1.3 ml TRIzol (Invitrogen) according to the manufacturer's protocol and an additional acid phenol:chloroform extraction as previously described (Boverhof et al., 2006) . Total RNA was resuspended in RNA storage solution, quantified by spectrophotometery at A 260 , and quality assessed by gel electrophoresis.
Quantitative real-time PCR. Quantitative real-time PCR (QRTPCR) of Scd1, Scd2, Scd3, Scd4, Cyp1a1, Nqo1, Tiparp, Elovl5, Cd36, LdlR, Fabp4, Vldlr, Acaca, and Fasn expression was performed as previously described (Boverhof et al., 2006) . The copy number of each sample was standardized to the geometric mean of Gapdh, Hprt, and Actb mRNA levels to control for differences in RNA loading, quality, and cDNA synthesis (Vandesompele et al., 2002) . Data are reported as the fold change of standardized treated over standardized vehicle.
Statistical analysis. Data were analyzed by ANOVA followed by Tukey's post hoc test in SAS, unless otherwise stated. Differences between treatment groups were considered significant when p < 0.05. 
TCDD Effects on Body Weights, Liver Histopathology, and Clinical Chemistry
Consistent with previously reported changes in body weights and liver histopathology changes in mice exposed to TCDD (Boverhof et al., 2006) , Scd1 þ/þ and Scd1 À/À intact female mice gavaged with 30 lg/kg TCDD had increased relative liver weight with the greatest increases observed at 168 h (Supplementary table 2). No significant alterations in body weight or body weight gain were detected throughout the study. Histopathological changes were marked by cytoplasmic vacuolization in the periportal and midzonal regions that decreased with time (Supplementary table 3, Supplementary figure 1A-H). In Scd1 wild-type mice, hepatic vacuolization was accompanied by cellular inflammation that increased by 168 h, whereas minimal cellular inflammation was observed at only 168 h in Scd1 null mice. Further analysis of ALT levels, a marker of liver damage identified a 3.5-fold increase in treated wild-type mice at 168 h (Supplementary figure 2I) , whereas ALT levels remained unchanged in Scd1 nulls. Increased ALT levels suggest liver damage in treated wild-types only; however, longer term exposure may be necessary to differentiate histopathological differences between the two strains.
TCDD Effects on Hepatic Lipid Content in
In Scd1 þ/þ mice, TCDD induced hepatic TRGs and hepatic TFA content 3.9-and 1.9-fold, respectively, compared with vehicle controls (Fig. 1, panel A) . Analysis of FA composition by GC-MS identified TCDD-induced alterations in the SFA/ MUFA/PUFA molar proportions (Fig. 1, panel A) . Overall, TCDD reduced SFA by 8%, increased MUFA by 9%, and had no effect on PUFA proportions (p < 0.05, Fig. 1, see *) . Further analysis of individual FA species revealed that palmitate (16:0), stearate (18:0), and lignoceric acids (24:0) represented more than 95% of the total SFA content (Table 1) . Interestingly, palmitate (67%) and stearate (16%) are the major SFA constituents of the rodent chow diet (Harlan Teklad rodent diet 7964).
Increases in absolute hepatic levels of MUFAs were primarily due to a threefold increase of oleic acid (18:1n9), representing >85% of all MUFAs (Table 1) . Increases in accumulation of palmitoleic acid (16:1n7, increased 1.9-fold), eicosenoic acid (20:1n9, increased 7.2-fold), erucic acid (22:1n9, increased twofold), and nervonic acid (24:1n9, increased sixfold) accounted for the remaining 15% of MUFAs.
Although TCDD did not alter PUFA levels expressed as mol%, absolute hepatic levels were increased 1.8-fold by TCDD (Table 1 ). In general, TCDD treatment increased all PUFAs (absolute hepatic levels) examined except for timnodonic acid (20:5n3). Linoleic acid (18:2n6) and arachidonic acid (20:4n6, AA) were the dominant PUFAs, representing~60% and~25% of PUFAs, respectively. The n-3 and n-6 PUFAs exhibit anti-and proinflammatory effects, respectively (Marszalek and Lodish, 2005) . The n3/n6 ratio was induced by TCDD and accompanied by the depletion of AA (Fig. 1, panel A) .
TCDD Effects on Hepatic Lipid Content in Scd1
À/À Mice Scd1 performs the rate-limiting step in MUFA synthesis, and its deficiency has been reported to impair TRG synthesis and protect from diet-induced hepatic steatosis. In Scd1 À/À mice, TCDD increased TRGs 2.5-fold and TFA content 1.6-fold compared with vehicle controls. However, TRG levels were 42% lower in Scd1 À/À mice when compared with treated wildtype mice, yet there was no difference in TFA levels between genotypes (Fig. 1, panel B ; p < 0.05, Fig. 1, see **) .
Examination of the SFA/MUFA/PUFA ratios in Scd1 À/À mouse liver revealed that TCDD reduced SFA proportions and increased relative MUFA and PUFA levels compared with vehicle controls. Scd1 deficiency also induced SFA by 8%, reduced MUFA by 13%, and induced PUFA by 5% compared with treated wild-type mice, consistent with loss of Scd1 activity (Fig. 1, panel B ; p < 0.05, Fig. 1 , see **).
Further analysis of individual FA species identified increases of 18:0, whereas 16:1n7, 18:1n9, and 20:1n9 were reduced in treated null mouse livers compared with treated wild-type mice (Table 1 ; p < 0.05, Fig. 1 , see **). Surprisingly, MUFA increases in Scd1 null mice were primarily due to a 3.2-fold induction of 18:1n9. Similar to Scd1 þ/þ mice, overall PUFA levels were induced by TCDD in Scd1 À/À mice. In contrast, the n3/n6 ratios were not altered and the molar ratio of AA ([nmol/g AA]/[nmol/g total FA detected]) was higher compared with treated wild-type mice (Fig. 1, panel B) .
Principal Component Analysis
PCA was performed to characterize the trends exhibited by GC/MS-FA Methyl Ester (FAMES) data. PCA of hepatic TFAs indicated a clear time-, treatment-, and Scd1 dose-dependent effect on hepatic FA composition (Fig. 2 ). PC1 and PC2 accounted for 95% of the cumulative proportion of the variance with vehicles 
FIG. 2. PCA of GC-MS lipid profiles from TCDD (T) or Vehicle
, and Scd1 À/À mice 24, 72, and 168 h postdose. PCA was performed in R as described in the ''Materials and Methods.'' PC1 and PC2 accounted for 95% of the cumulative proportion of the variance with vehicles clustering along PC1, treated groups separating along PC1, and genotype separating along PC2. Dashed lines (Scd1 clustering along PC1, treated groups separating along PC1, and genotype separating along PC2. All treated animals exhibited a similar temporal trajectory.
TCDD Effects on the Scd1 Desaturation Index
Scd1 is the primary hepatic D9 desaturase, metabolizing 16:0 and 18:0 into 16:1n7 and 18:1n9, respectively. TCDD induced (Fig. 3A) . In humans, positive correlations between the Scd1 desaturation index and TRG levels have been reported (Attie et al., 2002) . Similarly, TRG levels increased with the 18:1n9/18:0 ratio in TCDD-treated Scd1 þ/þ mice (Pearson's r ¼ 0.825, p ¼ 0.0003) (Fig. 3B) .
TCDD Effects on Hepatic Lipid Metabolism Gene Expression
To further examine TCDD's effects on hepatic lipid composition in Scd1 þ/þ and Scd1 À/À mice, QRT-PCR was used to quantify mRNA levels for genes involved in lipid metabolism. Consistent with TCDD-induced increases in hepatic lipid levels, the FA transport genes Cd36, Ldlr, Vldlr, and Fabp4, were induced threefold to fivefold in both genotypes (Fig. 4A-D) . Furthermore, Cd36, Vldlr, and Fabp4 mRNA were significantly increased in treated Scd1
-/-mice compared with Scd1 þ/þ mice and may explain increases in 18:1n9 levels, the primary MUFA (81.3% of all MUFAs) in Harlan Teklad rodent diet 7964, in null mice.
Four isoforms, Scd1-4, exist in the mouse and may underlie increases in 18:1n9. However, Scd3 is reported to be expressed by sebocytes in skin, the preputual gland, and the Harderian gland (Miyazaki et al., 2006) , whereas Scd4 expression is limited to the heart (Miyazaki et al., 2003) . Neither Scd3 or Scd4 mRNA were detected in the liver of either TCDD-treated genotype. Scd2 is primarily expressed in adipose tissue but also in the neonatal mouse liver. Scd2 mRNA was expressed in wildtype mice but not induced by TCDD (Fig. 4E) . Surprisingly, Scd2 mRNA levels were scarce (100-fold lower) in null mice compared with wild-types. The lack of Scd2 mRNA expression in nulls suggests Scd1 deletion also affected Scd2 expression.
TCDD-mediated increases in the PUFAs eicosatetraenoic acid (20:4n3) and docosapentaenoic acid (22:5n3) were consistent with the twofold induction of Elovl5 mRNA (Fig. 4F ) an elongase that catalyzes the elongatation of very long-chain PUFAs (Guillou et al., 2010) . The lipogenic gene Acaca, which provides malonyl-CoA for FA biosynthesis, was not altered by TCDD (Fig. 4G) . Fasn, a long-chain FA synthetase mRNA was reduced 2.5-to 3-fold by TCDD in both genotypes (Fig. 4H) , suggesting that increases in hepatic lipid content are not due to de novo lipogenesis. Finally, the well-characterized TCDD-inducible genes Cyp1a1, Nqo1, and Tiparp exhibited comparable induction in wild-type and null mice (Supplementary figure 2) .
TCDD Effects on Scd1 Activity, mRNA, and Protein
The effects of TCDD on Scd1, activity, mRNA, and protein levels were examined. Scd1 enzyme activity was measured by following the conversion of 14 C 18:0 to 14 C 18:1n9. Consistent with increases in the 18:1n9/18:0 desaturation index, TCDD induced Scd1 activity twofold in wild-type mice compared with vehicles at 24 h (Fig. 5A) . QRTPCR also showed that TCDD induced Scd1 mRNA levels 1.5-fold in Scd1 þ/þ mice (Fig. 5B) . Furthermore, western blots showed an increase in Scd1 immunoreactivity in treated Scd1 þ/þ microsomal fractions (Figs.
5C and 5D). Induction in Scd1 activity, mRNA, and protein were not detected in control or TCDD-treated Scd1 À/À mice.
Putative DRE Distribution and AhR Enrichment at Scd1 Loci
To further examine AhR regulation of Scd1, Figure 6A summarizes the ChIP-chip analysis of AhR enrichment at Scd1-4 genomic loci induced by TCDD (Dere et al., 2011b) . The moving average (MA) value visualizes the enriched genomic regions within the Scd1-4 loci, whereas the log 2 enrichment illustrates the fold change for each Affymetrix probe. Six AhR-enriched regions (up to 5.7-fold, FDR <0.01, red bar) ranging from 70 to 4200 bp were associated with Scd1 (Fig. 6A) . AhR enrichment was located within 10-kb upstream region through the 3#-UTR. In contrast, the adjacent~150-kb genomic region spanning Scd2, Scd3, and Scd4 exhibited only two AhR-enriched regions (2-to 2.7-fold).
AhR is proposed to regulate gene expression through DNA binding at DREs containing the core sequence 5#-GCGTG-3#. DREs with MSS ranging from 0.69 to 0.93 were identified within the genomic region spanning Scd genomic loci (Dere et al., 2011a) . Of the 39 DREs possessing a putative functional (high scoring) MSS (>0.8; track 4, horizontal line), 16 were located 10 kb upstream of the Scd1 TSS through the Scd1 3#-UTR (Fig. 6B) . Five of these 16 high-scoring Scd1 DREs overlapped with regions of AhR enrichment (track 4, yellow shading). Notably, seven DREs that did not overlap with regions of significant AhR enrichment coincided with regions lacking tiling probes (track 4, purple shading). One DRE core fell within a twofold AhR-enriched region that failed to meet the FDR cutoff of 0.01 (track 4, green shading). Moreover, three AhR-enriched regions lacked any DRE cores (track 5, orange shading), consistent with promoter-and genome-wide ChIP-chip studies reporting 50% overlap between DRE cores and AhR enrichment as well as other studies suggesting AhR interaction with DNA independent of ARNT (Beischlag et al., 2008; Dere et al., 2011a,b; Klinge et al., 2000; Marlowe et al., 2008) .
Band Shift Assays
Two DRE cores (Fig. 6B , track 4, indicated by*) within 10 kb upstream of the Scd1 TSS and with an MSS > 0.8 exhibited band shifts with TCDD-activated guinea pig cytosol (Fig. 6C ). The addition of AhR or ARNT antibodies to the incubation resulted in a supershift, confirming AhR binding to these putative DREs. Nucleotides flanking the DRE core sequence modulate binding affinity and coactivator recruitment and may underlie differences in the banding pattern between the two DREs (Bank et al., 1995; Gillesby et al., 1997; Lusska et al., 1993; Shen and Whitlock, 1992) . These results, in addition to mRNA, protein, and activity levels, support AhR recruitment to and regulation of Scd1 by TCDD. metabolism (Attie et al., 2002; Miyazaki et al., 2001; Popeijus et al., 2008; Sampath et al., 2007; Warensjo et al., 2007) but not the effects of environmental contaminants. In this study, AhR-mediated induction of Scd1 by TCDD and subsequent effects on hepatic FA composition were examined in Scd1 þ/þ and Scd1 À/À mice. Here, we report that TCDD induced hepatic TRG and FA accumulation, elicited differential gene expression of lipid metabolism and transport, and increased Scd1 mRNA, protein, and activity, as a result of AhR recruitment to Scd1 genic regions. Collectively, these studies suggest that AhR regulation of Scd1 alters hepatic FA composition, which influences TCDD-induced hepatotoxicity.
TCDD-altered hepatic gene expression associated with lipid transport, partitioning, and metabolism in mice (Boverhof et al., 2006; Kopec et al., 2010b , Kopec et al., 2011 . For example, TCDD induced the lipolytic genes lipoprotein lipase (Lpl), phospholipase A2, group XIIA (Pla2g12a), monoglyceride lipase (Mgll), and pancreatic lipase-related protein (Pnliprp1) that hydrolyze hepatocellular TRG stores into FFAs and monoglycerides (Giller et al., 1992) . It also induced lowdensity lipoprotein receptor (Ldlr), very low-density lipoprotein receptor (Vldlr), Cd36 antigen (Cd36), and FA binding protein (Fabp4) in Scd1 þ/þ and Scd1 À/À mice. Ldlr and Cd36 are membrane-associated proteins that facilitate the uptake of chylomicron and very low-density lipoprotein (VLDL) remnants as well as long-chain FA (Ibrahimi and Abumrad, 2002; Iqbal and Hussain, 2009 ). Cd36 has been implicated in the etiology of obesity and diabetes, and Cd36 null mice exhibit minimal TCDD-elicited steatosis (Drover et al., 2005; Hajri et al., 2002; Lee et al., 2010; Rankinen et al., 2006) . Fabps are cytosolic, high-affinity long-chain FA-binding proteins that target lipids to intracellular compartments (Storch and Thumser, 2010) . Fabp4, which mediates lipid trafficking to the nucleus and may provide ligands for peroxisome proliferator-activated receptors (PPARs) (Gillilan et al., 2007; Tan et al., 2002) , was also induced. Furthermore, inhibition of VLDL secretion has been reported in mice following TCDD treatment (Lee et al., 2010) . These changes likely underlie effects that contribute to TCDD-elicited hepatic FA accumulation.
ChIP-chip analysis identified six Scd1 genic regions with AhR enrichment. Two proximal AhR-enriched regions were within 2 kb of the TSS (Dere et al., 2011b) . The 3# regions also exhibited AhR enrichment and high-scoring DREs, suggesting AhR regulation by distal enhancer sites. Although distal regulation remains largely uninvestigated, studies suggest transcription factor binding at these sites promotes chromatin looping and structural modifications that facilitate gene expression (Farnham, 2009; Li et al., 2006; Long and Miano, 2007) . Two 5# AhR-enriched regions at distal sites lacked DRE cores, providing further evidence of DRE-independent AhR-DNA interactions, which may involve tethering to other DNA interacting transcription factors (Murray et al., 2010) . However, the arrays do not have uniform tiling across the genome, and several genomic regions lack probe coverage in areas containing high-scoring DREs that may confound mapping AhR enrichment to regions containing DREs.
AhR enrichment at Scd1 genic regions and the induction of Scd1 mRNA, protein, and activity by TCDD provided compelling evidence for AhR regulation of Scd1. The induction of Scd1 activity increased MUFA levels, decreased SFA levels, and increased MUFA:SFA and PUFA:SFA ratios. Scd1 deficiency did not affect TCDD-induced hepatic lipid accumulation (as measured by GC-MS analysis of FAMES). However, null mice had fewer TRGs, reduced MUFA levels, and exhibited less hepatic injury relative to treated wild-type mice. More specifically, Scd1 À/À mice exhibited no increase in serum ALT, less hepatic vacuolization, and reduced immune cell infiltration compared with Scd1 þ/þ mice, suggesting lower overall TCDD-elicited hepatotoxicity.
In addition to Scd1, hepatic FA profiles indicate that AhR regulates other lipid modifying enzymes in addition to Scd1. Increases in n-6 and n-3 pathway intermediates (e.g., 20:2n6, 20:3n6, 20:4n3, and 22:5n3) suggests the induction of Elovl5 activity (Wang et al., 2008) . QRT-PCR, band shift, and ChIP-chip assays (Supplementary figure 3A-C) verified AhR-mediated induction of Elovl5 by TCDD. The n-3 and n-6 PUFAs, particularly eicosapentanoic acid (EPA, 20:5n3) and arachidonic acid (AA, 20:4n6) metabolites, exhibit antiand proinflammatory activities, respectively (Di Marzo, 1995; Marszalek and Lodish, 2005; Simopoulos, 2002; Yashodhara et al., 2009) . EPA is an Elovl5 substrate, therefore excess 20:5n3 may be elongated into 22:5n3, which is increased in both genotypes. AA is not an Elovl5 substrate but is rapidly metabolized by TCDD-inducible prostaglandin-endoperoxide synthase 1 (Ptgs1), arachidonate 12-lipoxygenase (Alox12) (Kopec et al., 2010b; Dere et al., 2011b) , and glutathione transferases (Boverhof et al., 2005) into proinflammatory ecosanoids. Additionally, AA is liberated from membrane phospholipids by Pla2g12a, another TCDD-inducible gene. AA levels were lower in treated Scd1 þ/þ mice compared with vehicles and treated nulls, and although we cannot rule out their conversion into inflammatory ecosanoids, are consistent with the increased level of inflammation in wild-type mice compared with nulls. Inflammation in Scd1 þ/þ mice may also be due to the induction of Scd1, which would sequester cytochrome b 5 , uncouple P450 monooxygenases, and increase superoxide and reactive oxygen species (ROS) formation (Hardwick et al., 2009; Schenkman and Jansson, 2003) . However, P450 monooxygenase and xanthine dehydrogenase induction by TCDD are the primary ROS contributors (Sugihara et al., 2001; Zimmerman and Granger, 1994) .
Our results differ from studies examining the protective effects of Scd1 deficiency from steatosis and exacerbated steatohepatitis elicited using in vivo dietary-induced models of liver injury. For example, high-fat diets (HFD) induce steatosis in mice. Scd1 À/À mice fed HFD exhibit no evidence of AhR REGULATION OF Scd1 307 hepatomegaly or histological changes (Li et al., 2009 ), yet hepatomegaly is observed in all animals exposed to TCDD (Poland and Knutson, 1982) . Methionine choline deficient (MCD) diets induce steatohepatitis, but in contrast to TCDD, decrease Scd1 expression, and induce Cyp4A expression, an enzyme involved in lipid peroxidation (Anstee and Goldin, 2006; Li et al., 2009; Yamaguchi et al., 2007) . Cyp4a is a PPAR target, and administration of a PPAR agonist to MCD fed mice decreases liver damage (Nagasawa et al., 2006) , suggesting a role for PPAR rather than AhR in MCD-elicited liver injury. Furthermore, our results are consistent with increased MUFA:SFA ratios in lipotoxic mechanisms of liver injury (Larter et al., 2008) . TCDD-induced steatosis is a significant hepatotoxic effect, and AhR-mediated induction of Scd1 exacerbates TCDD hepatotoxicity by altering the composition of accumulated lipids. Scd1-mediated increases in unsaturated FA levels may alter membrane fluidity, increase lipid peroxidation and ROS formation, as well as propagate inflammatory responses through TRAIL-mediated cytotoxicity (Malhi et al., 2007; Trauner et al., 2010) . Steatosis followed by a progressive inflammatory response poses a significant risk of progression to cirrhosis and may contribute to hepatocellular carcinoma development in rodents.
The induction of hepatic lipid accumulation in mice is consistent with the occurrence of dyslipidemia in humans following TCDD exposure at high doses (Pelclova et al., 2002) . Interestingly, the hepatic FA composition induced by TCDD is similar to serum and lipid profiles (e.g., increase in TRGs and 16:1n7 and 18:1n9 levels) described for human nonalcoholic fatty liver disease (NAFLD) patients (Puri et al., 2007 (Puri et al., , 2009 . NAFLD is considered the hepatic manifestation of metabolic syndrome and precedes nonalcoholic steatosis and cirrhosis. This report suggests that AhR regulation of lipid transport, metabolism, and modifying enzymes, including Scd1, alters lipid composition that contributes to the hepatotoxicity of TCDD.
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